Introduction
Various semiconductor photocatalysts such as TiO 2 [1] , MgO [2] , and ZnO [3] [4] [5] [6] were involved in disinfection strategies. Owing to their high stability, low cost, and superior oxidative capability for organisms under mild conditions, they have shown significant potential in disinfection techniques. However, owing to their wide band gaps, these semiconductor particles require the excitation of the UV light, which occupies only 4% of the incoming solar spectrum [7, 8] . Thus, the abundant visible irradiation in sunlight cannot be utilized to induce the disinfection effect. The development of new light-absorbing materials is required to improve the harvesting of sunlight as well as to enhance the disinfection efficiency after modification involving deposition of noble metals [9] , and doping of cations [10] and anions [11] and graphene sheets [12] .
Among these effective modifications, graphitic carbon nitrides (g-C /ZnO (CNZO) with heterojunction structures has been found to lead to rapid photo-induced charge separation and a relatively slow charge recombination [13] . Furthermore, its relatively narrow band gap leads to efficient light harvesting within the visible-light region and electric conductivity [14] . Nevertheless, there is no previous study about CNZO composites used as a bactericidal agent. To improve the applicability of nanoparticles for water treatment and solve the problem of their agglomeration, natural zeolites were selected as promising hosts and stabilizers owing to their unique features, such as broad specific area, and high amount of hydrophobic and hydrophilic active sites [15, 16] . Owing to their high whiteness, perfect stability, and low cost, stellerites attract
/ZnO/stellerite (CNZOS) hybrid photocatalyst, which was synthesized by coupled hydro thermal-thermal polymerization processing, was applied as an efficient visiblelight-driven photocatalyst against Staphylococcus aureus. The optimum synthesized hybrid photocatalyst showed a sandwich structure morphology with layered g-C /ZnO/stellerite (CNZOS) composites using stellerites as supports was reported.
Staphylococcus aureus, a gram-positive bacterium, represents a process indicator in water to test photocatalytic inactivation performance. So far, the mechanisms behind the disinfection by nanoparticles were membrane disorganization and reactive oxygen species (ROS). In the process of photocatalytic disinfection, the cell membrane of bacteria is attacked and damaged by ROS as well as the photogenerated electrons and holes under UV/visible irradiation [17] [18] [19] . Furthermore, bacterial growth is inhibited after that process. However, the visible-light-driven photocatalytic inactivation mechanism by ROS in the CNZOS systems is uncertain. Herein, we demonstrate the simple, self-assembled synthesis of CNZOS composites using as-prepared g-C 3 N 4 nanosheets and ZnO/stellerite. The photocatalysts were characterized by SEM, XRD, UV-Vis, and BET analyses. The photocatalytic activity was evaluated by photocatalytic disinfection of S. aureus under visible-light irradiation (>420 nm). The CNZOS composites showed a much higher disinfection efficiency than CNZO and ZnO/stellerite under visiblelight illumination. To prove the disinfection mechanisms by ROS in both CNZOS and CNZO systems, scavengerquenching experiments were conducted.
Materials and Methods

Preparation of g-C
was prepared by direct polymerization of melamine at high temperature. In detail, melamine was placed in an alumina crucible with a cover and then heated at 550°C for 4 h with a ramp rate of about 2.3°C/min for both the heating and cooling processes [20, 21] .
Preparation of ZnO/Stellerite Composite and Pure ZnO
The synthesis of the ZnO/stellerite composite by a facile hydrothermal-calcination process has been listed as follows [5] . First, 100 ml of aqueous solution with zinc acetate (1.82 g) and urea (0.5 M) were added into the beaker, and then 4 g of stellerite powder was added as well. Next, the mixture was stirred continuously at 95 o C for 4 h. Second, the mixture was vacuumfiltered and distilled water was added to adjust the pH of the mixture at 7.0. Finally, the powders were heated in an oven at 300 o C for 2 h in air atmosphere to obtain ZnO/stellerite. The pure ZnO powder without carriers, used as reference, was also prepared. in the ZnO/stellerite (10, 20, 30, 40 , and 50 wt%). Then, the precursors were stirred in the dark for 1 h, and washed thoroughly with distilled water three times for purification. Finally, the mixture was dried in a vacuum oven at 80°C for 2 h for further use [22] . The CNZOS composites were marked as CNZOSx, where x indicates the mass ratio in the preparation, which was 10, 20, 30, 40, and 50, respectively. For comparison, different g-C 3 N 4 /ZnO samples without stellerite were also prepared with the same method and conditions.
Preparation of g-C
Characterization
The crystal phase composition and crystallinity characteristics of the samples were determined using an X-ray diffraction diffractometer (XRD, Bruker D8 Advance). The surface morphologies of the synthesized photocatalysts were observed using a scanning electron microscope (SEM; Quanta 200; FEI, USA). Nitrogen adsorption and desorption isotherms as well as pore diameter distribution were recorded using a nitrogen adsorption apparatus (BET, JW-BK). UV-Vis absorption spectra were recorded on a Shimadzu UV-3150 device.
Bacterial Culture and Antibacterial Experiments
Monocolonies of S. aureus (Microbiology Chinese Academy of Science) on solid Luria-Bertani (LB) agar plates were transferred to 100 ml of liquid LB culture medium and grown at 37 °C for 12 h under 170 rpm rotation. Then, the bacteria were diluted in sterilized saline (0.9% NaCl) solution to 10 7 CFU/ml [23] . The CNZOSx samples were diluted in culture medium at concentrations of 100 mg/l by diluting the stock dispersion. ZnO/stellerite and CNZO nanohybrids were used with same particle content as a control. The as-prepared bacteria solution (10 ml) was mixed with pristine CNZOSx, CNZO, or ZnO/stellerite nanohybrids for 2 h under visible-light illumination. The reaction temperature was maintained at 37°C under 170 rpm rotation. Then, the solution was placed on a solid medium by the spread-plate method and cultured at 37°C for 24 h. Further tests of the viability were conducted by observing the number of colony forming units on LB agar plates. Control experiments were performed in parallel without any catalysts.
Photocatalytic Mechanism
Furthermore, to prove directly the disinfection mechanism by ROS in the CNZOS systems, and to prove the carrier effect of stellerite, five scavenger-quenching experiments were conducted to study the disinfection contribution of each ROS as well as of the electrons and holes. Scavengers Cr(VI) (0.05 mM, 99.5%; Sigma, USA), TEMPO (1 mM, 99%; Sigma, USA), Fe(II)-EDTA (10 mM), isopropanol (0.5 mM; Sigma, USA), and sodium oxalate (0.5 mM, 99.5%; Sigma, USA) were used to quench e
, OH•, and h + , respectively. These scavengers have been widely used to study the photocatalytic mechanism in bacterial inactivation [24] [25] [26] [27] [28] .
Results and Discussion
Synthesis and Physical Characterization of the Hybrid Photocatalysts
The g-C 3 N 4 nanosheets were synthesized from melamine powder according to a previously reported method with some modification [21] . The CNZOS nanohybrids were synthesized via a conventional solution impregnation method [29] . The detailed morphology and microstructure of the hybrid photocatalysts were imaged using SEM. Serious agglomeration of the particles was found from the SEM images of pure ZnO (Fig. 1a) and g-C , CNZO, and CNZOSx (Fig. 3A) . Except for stellerite, the spectra were dominated by the ZnO and the g-C nanoparticles. The optical band gap of the as-prepared ZnO/stellerite, CNZO, and CNZOS nanohybrids were also investigated (Fig. 3B) . CNZOS showed an absorption peak around 400 nm, which can be attributed to the absorption of g-C gap between CNZO and CNZOS may be ascribed to the immobilization of stellerite. However, the band gap energy of 3.22 eV for ZnO/stellerite is similar to that of TiO 2 (3.2 eV) [1] . Both the CNZO and CNZOS composite samples show an intrinsic semiconductor-like absorption in the blue region of the visible spectrum. Apart from that, the value among CNZOSx photocatalysts is essentially constant. All the facts indicate that g-C 3 N 4 has a large influence in the optical properties of the major ZnO phase [38] . Table 1 summarizes the primary particle size of the ZnO component as well as the BET, pore size, and volume through the series. A large difference was seen from both CNZO and CNZOS samples with the ZnO size from ~17.8-21.2 nm. At the same time, the composite samples display, as expected, a nearly constant surface area (10.2-39.0 m 2 /g) and, in general, morphological properties (Fig. 1) . They are thus dominated by the main ZnO component.
Photocatalytic Inactivation of S. aureus
To examine the antibacterial activity of the CNZOS nanohybrids, the G + bacterium S. aureus was chosen as the model to evaluate the bactericidal performance and mechanism of disinfection. The bactericidal rates of the composites were evaluated in a sterile saline medium, and the results were determined by viable count measurements. The agents (CNZOS nanohybrids) at 100 mg/l with different g-C doping amount in the CNZOSx nanohybrids on the antibacterial activity was studied and the corresponding activities are summarized in Fig. 5A . The results demonstrated that after 2 h, for S. aureus, the CNZOS 4 nanohybrids exhibited strongest antibacterial activity. For the CNZOS 4 nanohybrids, the inactivation efficiency could reach nearly 90% and the disinfection rate doping to 50%, the disinfection rate decreased. According to Fig. 5A , S. aureus was almost completely killed within 2 h at a concentration of 100 mg/l. These results indicate that the CNZOSx nanohybrids are an effective and rapid bactericidal agent even at low concentrations and with short illumination times.
We also compared the bactericidal efficiency of the CNZOS nanohybrids and CNZO. The catalyst amount of the CNZO sample was 25 mg/l, which is equal to the CNZO content of 150 mg/l of CNZOS 
S. aureus were inactivated by CNZOS
4 at 50, 75, and 100 mg/l, respectively, for 120 min. This may be attributed to the increase of the photo-generated charges by more photocatalysts. However, compared with that of CNZOS, CNZO (25 mg/l) showed a lower disinfection efficiency of 81.99% after 120 min, within a larger CNZO content. Colony formation was almost completely prevented when bacteria were treated with CNZOS
4
, where the numbers of colonies could be seen on LB agar treated with CNZO (Fig. 6) . These results confirm that CNZOS . After photocatalytic processing, the cell membrane wrinkled structure appeared. With the extension of processing time, the bacterial membrane became more and more crimpled. The cell membrane damage was due to the ROS generated by CNZOS nanohybrids [22, 31] . After the destruction of the cell membrane by CNZOS 
, and the embedded ZnO acted as electron traps to facilitate the separation of photogenerated electron-hole pairs and promoted the interfacial electron transfer process. Furthermore, the CNZOS nanohybrids increased the efficiency of charge carrier separation, extended the range of light absorption, and facilitated the creation of electronhole pairs [39] . The increased generation of ROS may therefore be the dominant mechanism for CNZOSx nanohybrids, which have an enhanced antibacterial activity when compared with the CNZO composite. As demonstrated by the reaction discussed above, the CNZOSx nanohybrids showed very high ROS generation ability (Fig. 9) . 
Photocatalytic Disinfection Mechanism
Owing to the oxidative strength difference, the disinfection capability of each ROS between CNZOS 4 and CNZO was investigated through scavenger-quenching experiments. The results are shown in Figs. 9 and 10 . This is consistent with the fact that CNZOS 4 demonstrated a higher disinfection efficiency and proves the effectiveness of stellerite in ROS generation. All these results are consistent with the band structure of CNZOSx, which favors oxygen reduction to produce ROS (Fig. 7) . For the scavenger-quenching results in the CNZOSx system, the trend of ROS-scavenging effect was similar to that of CNZO, but the change in disinfection rate was more obvious. The scavenging effect from high to low in the CNZOSx system was Fe(II)-EDTA (for H and related ROS generation so that the overall disinfection rate change was much higher than that in the CNZO system. However, OH• did not show much inactivation effect since no slowing down of bacterial inactivation rate was observed. This could be due to the extremely short life-span of OH•, which is supposed to be quickly quenched in aqueous media before it can cause damage to the bacterial cell [41] . In addition, h
was of higher concentration than that of CNZO.
In the CNZO system, the scavenging effect from high to low in the visible system according to the reaction rate was Fe(II)-EDTA, TEMPO, Cr(VI), sodium oxalate, and isopropanol. The difference in the CNZO system comparing with the CNZOSx system is that H Visible-light-driven photocatalytic inactivation of E. coli K-12 by bismuth vanadate nanotubes: bactericidal performance and mechanism. Environ. Sci. Technol. 46: 4599-4606.
